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SUMMARY 

The performance character is t ics   of  some solid-propellant  rocket  motors 
have  been shown i n  free f l i g h t  and  ground t e s t i n g   t o  be appreciably  affected 
by the  dynamic environment  encountered  during their   thrusting  period.  Princi-  
pal   effects   noted  are  (1) bal l is t ic ,   associated  with  a l terat ions  to   the  pro-  
pe l lan t  combustion  and flow  processes and (2)  thermal,  resulting from deposi- p? 
t i on  of  hot  exhaust  residue  within  the motor chamber.  The NASA Langley Research 
Center  has  conducted  extensive t e s t ing  on a wide range  of solid  rockets sub- 
j ec t ing   fu l l - s ca l e   f l i gh t   un i t s   t o   t he  dynamic spin or roll environments  nor- 
mally  encountered i n   f l i g h t  use.  This  paper  describes  these  tests on rockets 
ranging i n  weight from 100 t o  2800 pounds, diameters t o  30 inches, and lengths 
t o  147 inches a t  roll r a t e s  from 100 t o  900 rpm under  both  sea-level and simu- 
lated  altitude  conditions.  Details  presented on each sol id   rocket   tes ted 
include a description of the  rocket motor with  propellant  composition  and con- 
f igura t ion ,   the   t es t  environment,  and the   t es t   resu l t s .   Resul t s   ind ica te  a 
high  degree of  ball ist ic  sensit ivity  with  severe  thermal  rocket  degradation  in 
some types of  motors tested  ranging down to   e s sen t i a l ly  no e f f ec t   i n   o the r  
types of units  tested.   Free-fl ight  results  are  presented where available.  No 
attempt i s  made t o  formulate firm general  conclusions on the  effects   of  dynamic 
environments due t o   t h e  low number of samples  of each  type  tested. The data 
presented  herein were principally  obtained from the  spin  qualification  of 
motors f o r   f l i g h t  and i s  not a systematic  study  of  the  parameters  involved. 

INTRODUCTION 

The NASA Langley Research  Center  has f o r  many years  conducted  extensive 
research  in   the areas of aerodynamics, materials, communications, reentry 
physics,  etc.,  through  the  use  of  various  multistage rocket-powered free- 
f l ight   vehicles .  Many of  these  vehicles  require  spinning  of one or more boost 
s t ages   fo r   i ne r t i a l   s t ab i l i za t ion  or impact dispersion  control.  Until  the 
advent  of the  metal l ic   addi t ive  in   sol id   propel lants  a few years ago, no prob- 
lems had  been  encountered by NASA - LRC in   these   f ree- f l igh t   s tud ies   resu l t ing  
from spin  effects  on rocket motor  performance. I n  1959, however, limited  spin 
testing  of  the  Hercules - Allegany B a l l i s t i c  Laboratory X-248 rocket motor by 
the  manufacturer,  reference 1, i n  support  of  the development of the  four-stage 
Javelin  Vehicle  did  indicate a def in i te   sp in   sens i t iv i ty ,   espec ia l ly   in   the  
range  of 9 t o  12 cycles  per  second (540 t o  720 r p m )  as shown i n  figure 1. T h i s  
s ens i t i v i ty  under  spinning  conditions  has been  confirmed i n  numerous NASA - LRC 
f l i g h t s  employing this motor as shown in   f i gu re  2.  The  aluminum content  of  the 
X-248 propellant, a cast  double  base, i s  3 percent. 



The NASA Project   Fire   Vehicle   ut i l iz ing  an Atlas - ABL X-259 two-stage 
propulsion  system,  the l a t t e r   s t age  of which was spun a t  155 rpm i n i t i a l l y   f o r  
stabil ization,  established a firm  requirement for  determining  the  spin perform- 
ance  of  the X-259 rocket motor through ground t e s t i n g   p r i o r   t o  commitment t o  
f l i gh t   u se   i n   t h i s  environment. The X-259 is  approximately 30 inches  in diam- 
e t e r  and  contains  about 2500 pounds of a highly  aluminized composite  modified 
double-base propellant. Due to   t he   bas i c   s imi l a r i t y  of the  X-248 and X-259 
rocket motors in  type of construction,  internal  grain  configuration,  and  basic 
type of propellant, a possible problem area was ant ic ipated which required 
thorough  evaluation. An apparatus  capable of spin  tes t ing an X-259 rocket 
motor about i t s  own p r inc ipa l   ax i s   a t  200 rpm  was designed  and  fabricated,  ref- 
erence 2. This paper  describes  the  results  of  that   init ial  X-259 rocket  spin 
t e s t  and presents  similar  information  obtained on a wide range of ful l -scale  
solid  rockets  subsequently  tested on the  LRC spin-test  apparatus. 

,’>. 

DESCRIPTION OF TEST APPARATUS 

A l l  of the tests t o  be reported  herein were conducted on a specialized 
spin-test  apparatus  designed and fabricated by NASA Langley  Research  Center. 
Details of the  test   apparatus  are  presented  in  reference 2. Figure 3 shows the 
entire  test   apparatus  as  used i n  the   t es t ing  of a CYGNUS-15 spherical  rocket 
motor. A conventional  dual-bridge  thrust  transducer i s  employed for   th rus t  
measurement. A tapered  roller  bearing, as shown in   f igure  3 ,  i s  employed t o  
transmit  the motor thrust   while  el iminating  the  rotational motion. The t e s t  
rocket motor and associated  attachment hardware are supported  fore and a f t  by 
bearing  assemblies. The forward  bearing i s  a rol ler   type and  provides a r ig id  
support   for  the  spin  drive  input.  The a f t   bear ing  i s  a bal l   type and i s  o i l -  
sprayed for  cooling  and  lubrication. A s  shown in   f igure  3 ,  th ree   l inear  
bearings  are employed t o  support   the  aft   bearing assembly s t ructure  and  provide 
fo r   l i nea r  expansion of the  tes t   rocket  motor up t o  1 inch. 

A small th rus t  preload i s  maintained on the   f loa t ing   ro ta t ing  assembly 
against  the  forward  tapered  roller  thrust  bearing  through  the  use of three 
equally  spaced  springs  with  adjustable  tension. A s  shown in   f i gu re  3 ,  these 
springs connect the  r igid  port ion of the test apparatus  and  the a f t  bearing 
assembly which f loa t s  on the  linear  bearing  cited  previously. 

The transmission of power to   ro t a t e   t he  test  assembly i s  accomplished 
using a timing belt drive system from the  e lectr ic   dr ive motor to   the   sp in  
shaf t .  The  power i s  supplied by a constant-speed  10-horsepower  eddy-current, 
coupled squirrel-cage  induction motor. I n t e g r a l   t o   t h i s  motor i s  an electro- 
magnetic  coupling  and  brake  with a regulated  speed of the  output  shaft of 30 
t o  1200 rpm. Output speed, or  torque, may be regulated  to  provide a constant 
t e s t  roll ra te ,  k2 percent,  despite  load changes within the system. The drive 
unit  contains  an  integrally mounted tachometer t o  measure shaft  outgut  rotation 
ra te .  

A reluctance  pickup i s  employed a s  shown in   f i gu re  3 t o  continuously moni- 
to r   the   sp in  rate of the test assembly. Ten equally  spaced  steel   pins  are so 

2 



oriented on the  rotat ing  s t ructure ,  as shown, as t o  pass  within  the  f ield of 
the  sensing  pickup,  generating a pulse. Ten pulses  per  revolution  are  obtained 
and directly  recorded  for  spin  rate  determination. Rocket motor instrumenta- 
t ion  of pressure,  strain, and  temperature  are  accomplished  through  the  use of a 
high-quality  slipring assembly  of 36 low-noise s i lver   s l ipr ings.   This   s l ipr ing 
assembly i s  shown in   f i gu re  3 mounted on the  spin  shaft. Two sl ipr ings  are  
a l l o t t e d   t o  provide  ignition  current;  the  remaining 34 may be u t i l i zed   a s  
required. 

For safety  purposes   in   instal la t ion and  checkout operations,  an  ignition 
shorting  block i s  employed, providing a dead short   for  both  the  rocket  init ia- 
t o r  system  and the   f i r i ng  power supply. The shorting  plug i s  manually removed 
p r i o r   t o   f i n a l  system spinup for t e s t .  

The ent i re   tes t   apparatus  assembly, including  the  drive motor system, i s  
r ig id ly  mounted t o  a heavy I-beam rail structure  as shown i n  figure 3 which ..p' 

permits  easy  transportation  and  setup  in  various test  c e l l s  as required. The 
basic assembly i s  highly amendable 'to  modification  as  required  for  the  various 
tests  herein  reported.  Spacing of the forward  and a f t  bearing  assemblies t o  
accommodate rocket  motors of various  lengths i s  accomplished by positioning  the 
a f t  bearing  structure on the I-beam rai ls   as   required.  For very  long  rocket 
motors a third  bearing assembly as  shown in  f igure 4 i s  employed. This  bearing 
does  not  normally  contact  the motor case  and i s  primarily  an  anti-fl ight  safety 
measure to  retain  the  casing  should  excessive  deflection or f a i lu re  occur. 

Conventional  instrumentation was employed and i s  detailed  in  reference 2. 

DISCUSSION OF TESTS AND RESULTS 

A summary of t h e   t e s t s  conducted on the LRC rocket  spin-test  apparatus i s  
presented i n   t a b l e  1. Included  are  tests performed a t   t h e  NASA Langley  Research 
Center,  Virginia, a t   t h e  Vacuum Test  Facil i ty of the Arnold Engineering and 
Development Center,  Tennessee,  and a t  the  Solid Rocket Plant of Aerojet  General 
Corporation, Sacramento, California. Rocket motors covering a wide range of 
propellant  weights,  configurations, and  compositions have been f i r e d  while 
spinning  over a range of roll ra tes  a t  both  sea-level,  ambient,  and  simulated 
alt i tude  conditions.  Some test   results  are  formally  reported  in  references 3 
through 12. This  paper  presents  the  results of the NASA-LRC e f f o r t   i n   t h i s  
f ie ld   for   the  past   several   years .  

The range of propellant  weight  for motors tes ted i s  from 100 pounds fo r  a 
CYGNUS-15 (15-inch-diameter  spherical  rocket) t o  2500 pounds f o r  a Hercules 
X-259 motor. The  X-259 with a 30-inch-diameter motor represents  the maximum 
diameter tested.  The Lockheed HYDAC rocket motor with a length of 147 inches 
i s  the  longest  tested  and  required  the  use of the  third  bearing  previously men- 
tioned. The r o l l   r a t e  range has varied from 100 rpm t o  900 r p m  t o  meet t e s t  
requirements. Ro l l  r a t e  i s  not  varied  during a given test  run and was held by 
the test  apparatus t o  within 2 percent of the   se t   ra te  even while  under 
thrusting  operation. The thrust levels  of the motors tes ted  have ranged from 
a force of several hundred pounds t o  a force of over 20,000 pounds. 
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Details of  the  individual tests are separately  reported  in  subsequent 
paragraphs. It should be noted  that   the  data presented were pr incipal ly  
obtained from the  spin  qual i f icat ion of full-scale  rocket motors f o r   f l i g h t  use 
and  does  not  comprise a systematic  study of the  parameters  involved. No attempt 
has  been made t o  present   an  analyt ical   or   theoret ical  model of the  mechanisms 
involved which would explain  the wide range  of test results  obtained. 

I. ABL X-259 Stat ic   Spin Tests 

P r i o r   t o  i t s  use on Project   Fire   Vehicle ,   the  ABL X-259 rocket motor was 
sp in   qua l i f ied   for  flight a t  200 r p m .  This vehicle   consis ts  of an  Atlas f irst  
stage  and  an X-259 second  stage. The X-259 rocket motor was t o  be spun a t  an 
i n i t i a l   s p i n  rate of 155 r p m  t o   con t ro l  impact  dispersion  and  for  inertial  

X-248 rocket  motors  and  performance  characteristics  of  the X-248 i n  a spinning 
environment, b a l l i s t i c  problems were ant ic ipated  with  the X-259 (ref. 1). 

,"~., s tab i l iza t ion  as mentioned  previously. Due t o   t h e   s i m i l a r i t y  of the X-259 and 

Because of the ava i l ab i l i t y  of  an X-259 motor (HPC 104), it was decided 
t h a t  data were needed on t h i s  motor a t  a spin rate of 300 rpm. A research  pro- 
gram was ins t i t u t ed   t o   sp in   qua l i fy   t he  motor a t  the  higher rate using a motor 
which was acceptab le   for   s ta t ic   f i r ing   on ly .  

Motor description.- The X-259 i s  30.05 inches   in  diameter, 113.8 inches i n  
overall  length,  contains 2555 pounds of ABL CYI-75 propellant which i s  a highly 
aluminized  composite  modified  double-base  propellant  with a pa r t i a l ly  submerged 
graphite  nozzle  and a finocyl  grain  configuration as shown i n  figure 5. A more 
detailed motor and  propellant,  description  appears  in  the  Hercules Chemical 
Propulsion Handbook (ref .  1 3 ) .  

Test conditions.- Motors were tested a t  sea leve l ,  ambient  conditions, 
and spin rates of 200 and 300 rpm. 

Test results.-   Figure 6 i s  a comparison  of the  spin  and  nonspin vacuum 
th rus t   h i s to r i e s  of the  X-259 motor which c l e a r l y   i l l u s t r a t e  there i s  no s ig-  
n i f i c a n t   b a l l i s t i c  change due t o  spinning t h i s  motor a t  200 and 300 rpm. Also 
there  was no abnormal case  heating  effect due to   the  spinning environment. 
There was a difference  noted  in  the  erosion  pattern on the  graphite  throat.  
Erosion was more severe i n  the  reg ions   in   l ine  with the   g ra in   s lo t s  on the 
nonspin t e s t s .  During the  200 and 300 r p m  spin tests, the  nozzle  eroded more 
uniformly as there  was no evidence  of  severe  erosion  opposite  the  grain  slots. 

11. ABL x-258 Stat ic   Spin Tests 

Several ABL x-258 rocket  motors have  been s t a t i c   s p i n  tested a t  LRC and 
AEDC t o  qual i fy   the motor for  use on the  NASA Scout  and  Thor-Delta  Vehicles. 
It should  be  noted  that   this motor  had already completed i t s  PFRT program and 
was considered  ready  for  f l ight  use when t h e   s t a t i c   s p i n  tests were begun. 
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Motor description.- The ABL x-258 i s  18 inches i n  diameter, 59.25 inches 
in  overall  length,  contains 500 pounds of ABL CYI-75 propellant which i s  a 
highly  aluminized  composite  modified  double-base  propellant  with a pa r t i a l ly  
submerged graphite  nozzle  and a finocyl  grain  configuration as shown i n   f i g -  
ure 7. A more detailed  description of t h i s  motor and propellant  appears  in  the 
Hercules Chemical Propulsion Handbook ( r e f .  1 3 ) .  The propellant  contains 
approximately 20 percent of aluminum  powder. 

T e s t  resu l t s .  - The first motor tested  (s/n M5O) was spun a t  250 r p m .  A t  
22.3 seconds,  achamber  burn-through  occurred  and t h i s  i s  i l l u s t r a t e d   i n   f i g -  
ure 8 (post-fire  condition of ~u-150 x-258). This motor operated a t  pressure x"\ 

levels  from 6 t o  1 4  percent above the nominal nonspin  pressure  levels. A sec- 
ond x-258 motor (s/n ~ 4 6 ) ,  which was removed from a NASA Scout  Vehicle on the 
launch pad, was tes ted  under identical   conditions  to  verify  the  results of the 
previous  test .  The motor had  an effective  burning  time of 22.25 seconds  and 
operated a t  pressure  levels  similar  to  s/n RH5O. The motor chamber was heated 
by afterburning  and a t  15 t o  20 seconds a f t e r  web-burn time the chamber f a i l ed  
as  shown in   f igure  9. To reduce  the  propellant  sliver  in  the headend of the 
x-258 rocket motor and thus  reduce  the  afterburning,  the  length of the  inhib- 
i t o r  boot on the forward internal  cylindrical   propellant  surface was shortened 
e . 6  inch. The modified x-258 (s/n m49) was f i r e d  while  spinning a t  200 r p m .  
The motor had an effective  burning  time of 22.7 seconds. A discolored band, 
shown in   f igure  10, indicated  case  heating  during  tail-off; however, the  struc- 
t u ra l   i n t eg r i ty  of the chamber was not  destroyed. I n  figure 11 representative 
pressure  histories of the x-258 motors a re  compared. Note the  decrease i n  web- 
burn  time for increasing  spin  rates and  corresponding  increases i n  chamber 
pressure  levels  particularly  during  latter  half  of motor burning. For addi- 
t ional  spin-test   information  at   simulated  alt i tude,   see AEE reports   ( refs .  10 
and 11). The x-258 motor has been f l igh t   t es ted  on the NASA Scout  Vehicle. 

A further  modification of an x-258 (s/n ~ ~ 6 3 )  was  made i n  conjunction  with 
NASA-Goddard's Thor Delta Program t o  reduce ta i l -off   character is t ics  of the 
motor. A sp in   t e s t  was performed a t  sea  level,  ambient temperature,  and 
100 r p m  using a motor with  an  additional 0.46 inch of inhibi tor  removed  from 
the  forward  internal  cylindrical  propellant  surface. The motor had a web-burn 
time of 20 seconds  and a pressure  history  as shown i n  figure 12. No zero  spin 
performance data are  available  for  this  exact  modification of the  x-258 rocket 
motor. 

111. ABL X-248 S ta t i c  Spin  Test 

The marginal  structural  condition of the ABL x-238 motor following  the 
200 r p m  sp in   t es t ,  even i n   t h e  modified  versicn, lef t   considerable   doubt .as   to  
the  acceptabi l i ty  of t h i s  motor for   f l igh t   use .  The x-258 motor was designed 
fo r  use a s  a higher performance  replacement f o r  the X-248 motor which had  been 
used  successfully on the  Scout  and  Thor-Delta  Vehicles for   severa l   years   a t  
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spin  ra tes  of approximately 200 r p m .  In   o rder   to   ge t  a be t te r  feel for   the  
structural   condition  required  for  f l ight  use,  it was decided t o   s p i n   t e s t  an 
X-248 motor at 250 r p m  t o  determine  the  physical  case  integrity. 

Motor description.- The ABL X-248 motor i s  18 inches i n  diameter, 
59.4 inches  in  overall  length,  contains 455 pounds of ABL BlTu cast  double-base 
propellant  with a p a r t i a l l y  submerged graphite  nozzle  and a finocyl  grain con- 
figuration as shown in   f i gu re  13. The propellant  contains  approximately 3 per- 
cent of Alcoa 101 aluminum  powder with  an  average  particle  size of 15 microns. 

Test  conditions.- The motor was f i r e d   a t  sea  level, ambient temperature 
and a t  250 rpm. 

Test resu l t s .  - Previous tests conducted  and reported by ABL i n  1959 
( r e f .  l), showed d r a s t i c   b a l l i s t i c  changes a t   s p i n   r a t e s  of 450 and 720  rpm. 
Figure 1 shows these   resu l t s   in  a thrust   h is tory as compared t o  a nominal non- 
spin  test .   Further  verification of these  data i s  shown in   f i gu re  2 which i s  
NASA in-f l ight   data  from Trailblazer I1 Vehicles.  Test results from the LRC 
s t a t i c   sp in  test  a t  250 r p m  showed  no s ign i f i can t   ba l l i s t i c  change a s   i l l u s -  
t r a t ed  i n  f igure 2. Chamber temperatures  recorded were sl ightly  higher (approx- 
imately 100° I?) and  discoloration of the  chamber i s  shown in   f igure  14. 

IV. CYGNUS-15 - LRC Produced 

A t o t a l  of seven LRC produced CYGMTS-15 rocket motors have been spin 
t e s t ed   t o  date. These tests were conducted to   qua l i fy   t he  motor for  use as 
the  fourth  stage of the NASA Trailblazer I1 Vehicle. 

Motor description.- The CYGNUS-15 motor i s  essent ia l ly  a 15-inch-diameter 
spherical  rocket motor, 16 inches  in  diameter which includes  the mounting tabs 
a t   the   equator ,  21.5  inches in  overall  length,  containing 101 pounds of LRC 
BF-117b polysulfide  propellant,  with a p a r t i a l l y  submerged graphite  nozzle and 
a seven-point-star  grain  configuration  as shown in   f i gu re  15. The propellant 
contains  0.9  percent Reynolds 400 aluminum  powder with an  average par t ic le   s ize  
of 6 microns. The propellant  also  contains 56.5 percent of unground ammonium 
perchlorate of 225 microns  average s ize  and 24.2  percent of ground ammonium 
perchlorate  of 20 microns  average size.  

Test  conditions.- The seven LRC produced CYGNUS-15 motors were t e s t e d   a t  
ambient temperature, sea level ,  and  simulated a l t i t ude  (120 K f e e t )  and a t  
approximately 900 r p m .  Motor chambers of heavy-walled  and flight-weight con- 
struction were tes ted.  

T e s t  resu l t s . -  No b a l l i s t i c  changes were noted  (fig. 16) i n  this motor due 
to  the  spinning environment.  There were no abnormal temperatures measured 
during  these  tests.   Representative  f l ight-test   data  verified  the  static  spin 
data  as shown in   f igure  17. It should  be  noted i n   f i g u r e  17 tha t   the  motor 
used on Trailblazer 11-f had additional  surface  because  of a propellant  grain 
crack which resu l ted   in  premature  burn-through of the unit. Test resu l t s   for  
the  simulated  altitude  firing  are  presented i n  reference  12. 
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V. CYGNUS-15 - Aerojet  General  Produced 

A t o t a l  of four AGC produced CYGNUS-15 rocket  motors have been spin 
tested.  This work  was done i n  support  of  the NASA Trailblazer I1 Vehicle i n  
order to   spin  qual i fy   the motor a t  900 r p m  for   f l ight   use .  

Motor description.- The motor i s  iden t i ca l   t o   t he  LRC produced CYGNUS-15 
( f ig .  15) with  the  exception of the  propellant  formulation. The AGC version 
incorporates ANP-2986 polyurethane  propellant  containing  17.2  percent Reynolds 
140 aluminum powder. The propellant.  also  contains 47.6 percent unground +48 
ammonium perchlorate  and 20.4 percent of ground ammonium perchlorate. 

Test conditions.- The four AGC produced  motors were tes ted   a t   sea- leve l ,  
ambient conditions, a t  approximately 900 r p m .  Motor chambers of heavy-walled 
and  flight-weight  construction were used. ,. ,- \ 

Test  results.-  The f i r s t   s p i n   t e s t  was inconclusive  as a pressure  l ine 
f a i l ed  on the   s t a t i c  weight  case result ing  in  pressure probe  and chamber f a i l -  
ure. A l l  spin  results of the AGC produced motor are  presented  in  f igure 18. 
The second  and t h i r d   t e s t s  used  flight-weight chambers and resulted  in  thermal 
f a i l u r e s   a t  1.03 and  1.08  seconds a f t e r  web burn-through;  these  are more 
c lear ly   i l lus t ra ted   in   f igure  19. Examination of th i s   f igure  (19) clear ly  
shows that  spinning  increases  the chamber pressure  during  the  lat ter  half  of 
burning  and  shortens web burn-time.  Figures 20 and 21 show typical   pre-f i re  
and post-f i re   pictures  of the  flight-weight  case showing the  resul ts  of the 
thermal  failure.  Highest  temperature  recorded was i n  excess of 1200° F a t  time 
of fa i lure .  

The fourth motor f i r e d  used a heavy-walled test-weight  case which did per- 
form successfully;   this motor his tory i s  presented  as  figure 22. Upon comple- 
t ion  of t h i s   t e s t ,   t h e   i n t e r i o r  of the chamber  was examined and  found t o  con- 
t a i n  approximately 1.5 pounds of aluminum residue;  this was l a t e r  analyzed by 
AGC and found t o  be primarily aluminum oxide. Although chamber temperatures 
were not  recorded on t h i s  test, it was quite  apparent from the completely  char- 
red  condition of the  insulator  and  discoloration of the heavy-walled chamber 
that  the  temperatures  result ing from the  spin environment were excessive. One 
phenomenon  which  seems t o  be present from these tests i s  the  difference  in  
t race  shape between the  flight-weight and  heavy-weight test   cases.   In  both 
instances,  these  trace  shapes were reproduced  and therefore it i s  believed  that 
addi t ional   effects  due to   propel lant   s t ra in   are   present .  The s t r a i n   i n   t h i s  
case i s  due pr imari ly   to   the  difference  in  expansion  between the  flight-weight 
and test-weight chambers. Further  discussion  of  this phenomenon i s  beyond the 
scope of t h i s  paper. 

V I .  CETUS-17 S ta t i c  Spin  Tests 

A t o t a l  of s i x  CETUS-17 rocket motors have been spin  tes ted.  This work 
has been  performed i n  support of the NASA Scout Program to   sp in   qua l i fy   the  
motor for   f l ight   use .  
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Motor description.- The CETUS-17 rocket motor, more  commonly known as   t he  
NOTs-100 or  17-inch-diameter  spherical  rocket motor i s  17.16 inches i n  diam- 
eter, 17.35 inches in  overall   length,   containing 138 pounds of B. F. Goodrich 
E d 0 7  polyurethane  propellant,  with a fully submerged graphite  nozzle  and a 
seven-point-star  grain  configuration as shown i n  figure 23. The propellant 
contains 17.7 percent Alcoa  123 aluminum  powder with an average par t ic le   s ize  
of 29 microns. The propellant  also  contains 57.3 percent ammonium perchlorate 
with  an  average pa r t i c l e   s i ze  of 200 microns. 

Test conditions.- The s i x  CETITS-17 motors were tes ted  a t  ambient  tempera- 
tures, sea-level,  and  simulated  altitude (110 K f e e t ) ,  and a t  200 rpm. Several 
modifications were t e s t ed  and these  included  additional chamber insulation and 
an  extended  nozzle. 

Test   results.  - The f i r s t  motor (s/n 55) was tes ted  under  simulated  altitude 
conditions and it performed successfully.  Several  important  differences were 
noted,  the f i r s t  i s  i l l u s t r a t e d   i n  figure 24. An increase  in  vacuum thrust  was 
noted a s  beginning a t  16 seconds  and r e su l t i ng   i n  an  increase of approximately 
7 percent  over a nonspinning motor. The effect ive web burn-through i s  enhanced 
in  the  spinning environment  but the  tai l-off  characterist ics  degradate.  Extreme 
case  heating was observed a t  the motor equator  but no thermocouples were located 
a t  this position. Aluminum residue  (figs.  25,  26, and 27) was found a t   t h e  
motor equator and t h i s  amounted t o   s l i g h t l y  more than 2.9 pounds of a material 
l a t e r  analyzed a s  a combination of aluminum oxide, aluminum carbide,  and more 
than 60 percent  metallic aluminum. Inspection  of  the  nozzle  also  revealed  the 
buildup of an aluminum carbide bead as   wel l   as  a 1/16-inch film over  the  rest  
of the:  nozzle  surface  (fig.  28). A second  motor (s/n 49) fired immediately 
following  the first tes t  t o  confirm the  spin  data   fa i led due t o  a pressure 
probe  leak. Both these motor tes t s   a re   descr ibed   in  AEE report of reference 3. 
A t h i r d   f i r i n g  was performed a t  LRC (s/n 20) to   ver i fy   the   resu l t s  of t h e   a l t i -  
tude   t es t s  and  again  the  increase  in  thrust of approximately 6 percent  occurred 
a t  approximately 13 seconds. The higher  thrust   level observed i n  motor s/n 20 
( f i g .  24) i s  believed due to   t he  age of the motor, it was approximately 
13 months o l d   a t   t h e  time of t he   t e s t  whereas s/n 55 was approximately 6 months 
old. Recommended s h e l f   l i f e  of this motor i s  6 months. Severe  case  heating 
was measured a t  the motor equator i n  excess of 18000 F but  the chamber remained 
in tac t .  A t o t a l  of 3.6 pounds of aluminum residue was a l so  found i n   t h i s  cham- 
ber, similar i n  amount t o   t h a t   i n  s/n 55. The appearance of the aluminum res i -  
due on the  nozzle  used i n  s/n 20 was also  noted  (fig.  28). 

Two more t e s t s  of the CETUS-17 motor were performed to   qua l i fy   the  motor 
modified  with additional  insulation  to  reduce  case  heating. Although these 
l a t t e r  motors were tes ted  under identical  conditions as s/n 20, had essent ia l ly  
the  same grain  configuration,  and were made t o   t h e  same propellant  formulation 
but a different  batch,   the  trace shapes were grea t ly   a l te red   ( f ig .  29) .  The 
exact  cause of t h i s   a l t e r a t i o n   i n   t r a c e  shape i s  not  clearly  understood; how- 
ever, it i s  possible that a s l igh t  change i n  aluminum  powder par t ic le   s ize  may 
have occurred o r  that   aging of the  propellant  plays  an  important  part  in  the I 

ba l l i s t i c   cha rac t e r i s t i c s  of t h i s  motor. A s  will be  noted in   f i gu re  29, a 
s h i f t   i n   t h e  thrust trace  slope  did  occur a t  approximately 16 seconds f o r  
s/n 53 and a t  approximately 10 seconds for   s /n  34. The aluminum residue 
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remaining i n  both  s/n 53 and 54 amounted t o  approximately 2.0 pounds which i s  
about 60 percent of t ha t  found i n  previous  tests.  This reduction  in aluminum 
residue weight lends  support t o   t h e  premise tha t  some change was made i n   t h e  
propellant  formulation. A l l  chamber temperatures remained below 300° F through- 
out  the  tests.  

The s ixth motor was fired a t  simulated  altitude November 5 ,  1964, on the 
AEDC spin-test  apparatus  and will not be discussed i n   t h i s  paper. 

VII. ARC m-85 S t a t i c  Spin  Tests 

A t o t a l  of three x"85 s ta t ic   sp in  tests have  been  performed t o  date, 
two  on the LRC spin-test  apparatus and one a s   l a t e  as November 10, 1964, on 
the AEDC spin  apparatus. The purpose of these   t es t s  was t o   a s s i s t   t h e  A i r  
Force i n  determining  the  spin  effects on the  x"85 for  use on the  Blue Scout .-. 

Jr . Vehicle . 
r 

Motor description.- The motor i s  ident ica l   in   s ize  and configuration t o  
CETUS-17 ( f ig .  23)  with the  exception of propellant  formulation. It is  an ARC 
Arcane 35H meta1"X" polyurethane  formulation  containing  approximately 12 per- 
cent  metal "X." 

Test  conditions.- The tes t   condi t ions  for   these motors were ambient tem- 
perature,  simulated  altitude (110 K f ee t ) ,  and  spin  rate of 200 rpm. 

Test  results.-   In  both  tests performed on the LRC spin-test  apparatus, 
the  nozzles blew out of both motors a t   i g n i t i o n  and the  propellant  extinguished, 
see  reference 4. The t h i r d  motor, as  previously mentioned, was tes ted  on the 
AEM: apparatus; however, it should be noted tha t ,  based on the CETUS-17 resu l t s ,  
LRC predicted a motor thermal f a i lu re  which did i n  fact  occur on the t h i r d  spin 
test.  Preliminary  data from ARC indicate  the curve t race was approximately 
11 percent  higher  than  anticipated and chamber burn-through  occurred between 
26 and 28 seconds; visual  inspection of the  nozzle showed that s lo t t i ng  of the 
graphite, which normally  occurs i n   t h e  nonspin tests  did  not  occur  in  the  spin 
t e s t .  

V I I I .  AGC ALCOR I A  S t a t i c  Spin Tests 

Two ALCOR IA (23 KS 11,000) rocket motors  manufactured by the  Aerojet 
General  Corporation - Solid Rocket Plant were t e s t  fired on the NASA-LRC spin- 
t e s t  apparatus as par t  of the  development  of this motor by AGC for   the  A i r  
Force Athena Program. Spin tests a t  300 and 480 rpm were accomplished a t  the 
AGC - SRP, Sacramento, California. 

Motor description.- The ALCOR I A  rocket motor a s  shown i n  figure 30 i s  
approximately 20 inches  in  diameter, 76 inches in   overal l   length,  and  contains 
915 pounds of an AGC polybutadiene  propellant. The propellant  composition 
includes 16 percent aluminum powder. The grain  configuration i s  a six-point- 
star perforation. The nozzle i s  a conventional  converging-diverging  deLaval 
type. 
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Test  conditions.-  The  motors  were  tested  at  sea-level,  ambient  pressure, 
an 80d F temperature,  and  at  the  cited 300 and 480 rpm  rates. 

Test  results. - The  spinning  environment  induced  only  slight  changes in 
the  motor  ballistics as shown in  figures 31 and 32. Due  to  the  batch-to-batch 
burning  rate  variation,  the  measured  spin  pressure  history  is  compared  with 
that  predicted  for  each  spin  firing.  Figure 31 presents  the  pressure  history 
for  the 300 rpm  firing  and  figure 32 for  the 480 rpm  test.  During  the 300 rpm 
firing,  slight  motor  case  heating was experienced in line  with  the  six  star 
points.  During  tail-off  of  the 480 rpm  test, a case  burn-through  occurred  in 
one  of  these  areas  and  the  entire  chamber  experienced  considerable  heating. 
Figure 33 is a pre-fire  photograph  of  the 300 rpm  test  and  figure 34 shows  the 
post-fire  condition  of  the 480 rpm  firing.  Additional  test  information  is  pre- 
sented  in  AGC  references 5 ,  6 ,  and 7. 

IX. United  Technology  Center TM-3 Static  Spin  Tests;  Two-Segment  Motor 

In support  of  the  Air  Force SSD development  of the FW-h (new  fourth-stage 
Scout  motor),  the NASA-LRC conducted a static  and  two  spinning  tests  of  the 
UTC l?4-3 two-segment  motor. 

Motor  description.-  The TM-3 two-segment  motor  was 18 inches  in  diameter, 
77 inches  in  overall  length,  and  contained  approximately 600 pounds  of Vn= 
UTP-3096 PBAN propellant.  The "-3 motor has a partially  submerged  nozzle. 
The two-segment l"3 grain  configuration  is  shown in figure 35. The  two  seg- 
ments  were  used  to  simulate  the mass flow  conditions  of  the FW-h motor. 

Test  conditions.-  The  motors  were  tested  at  sea-level,  ambient  pressure, 
ambient  temperature,  and  at  spin  rates  of 0,  200, and 400 rpm. 

Test  results.-  Figure 36 compares  the  pressure  time  histories  of  the T"3 
motors  at 0, 200, and 400 rpm  spin  rates.  Table 2 lists  the  amounts  and  loca- 
tions  of  the  deposits  of  residue  remaining in  the  case  for  each  of  the  three 
TM-3 motor  firings  of  the  two-segmented  motor.  The  deposits  contained 99 per- 
cent  aluminum  oxide  and 1 percent  aluminum  metal.  The  post-fire  heat  soak  on 
the  chamber  insulation  due  to  the  retained  aluminum  oxide  residue  increased 
insulation loss at  increasing  spin  rates. A detailed  discussion of these  tests 
can  be  found in  the UTC report  (ref.28). 

Vn= TM-3 Static  Spin  Test;  One-Segment  Motor 

In continued  support  of  the  Air  Force SSC development  of  the FW-4s motor, 
NASA-LRC  spin  tested a single-segment T"3 motor  at a spin  rate  of 200 rpm. 
Several  modifications  had  been  made  to  this  motor. 

Motor  description.-  The TM-3 single-segment  motor  was 18 inches  in diam- 
eter, 50 inches in  length,  and  contained 471 pounds  of UTC UTP-3096 pBAN pro- 
pellant.  The T"3 motor  has a partially  submerged  nozzle.  The  single-segment 
TM-3 grain  configuration  is  shown in figure 37. 
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Test  results.-  The TM-3 single-segment  motor was tested  at  an  ambient  tem- 
perature  of TO0 F, sea-level  conditions,  and a spin  rate  of 200 rpm. In  fig- 
ure 38, the  pressure  history  of  the  spinning  motor  is  compared  to  the  predicted 
pressure  history  for  this  configuration.  Approximately 0.75 pound  of  residue 
remained  in  the  motor  chamber  following  spin  testing.  Most  of  the  deposit  was 
in  the  aft  end of the  chamber.  Additional  test  information  is  presented  in 
reference 9. 

X. Lockheed  Propulsion Co.  HYDAC Static  Spin  Test 

One HYDAC rocket  motor  as  manufactured  by  the  Lockheed  Propulsion  Company 
was test  fired  by  NASA-LRC  for  the U.S. Naval  Missile  Center  in  support  of  the 
development  of  the TERRIF,R/HYDAC probe  vehicle.  The  test  spin  rate was 900 rpm. 

Motor  description.-  The HYDAC rocket  motor  is 9 inches in diameter, - 

147 inches in length,  and  contains 410 pounds  of PBAA propellant.  The  propel- 
lant  composition  contains 16 percent  aluminum  with an average  particle  size  of 
6 microns, 60 percent  of  coarse  ammonium  perchlorate  with an average  particle 
size  of 200 microns,  and 8 percent  of  fine  ammonium  perchlorate  with an average 
particle  size  of 8 microns.  The  HYIlAC  internal  configuration  is  shown  in  fig- 
ure 39.  The  forward  portion  is a single  perforation  cylinder;  the  aft  portion 
is a six-point  star.  The HYDAC has a conventional  deLaval  nozzle. 

Test  conditions.-  The HYllAC was fired  at  sea-level,  ambient  pressure,  at 
80° F temperature,  at a spin  rate  of 900 rpm. 

Test  results.-  Figure 4-0 compares  the  pressure  histories  for  the  HYIIAC in 
the  nonspin  and 300 rpm  spin  environments.  The HYDAC experienced  severe  case 
heating  after  motor  tail-off  but  no  failure  occurred.  Figures 4 and 41, 
respectively,  show  the  pre-fire  and  post-fire  conditions of the HYMC motor. 
Approximately 19 pounds  of  residue  material  remained  within  the  motor  chamber. 

XI. NOTs 551 Static  Spin  Test 

One  NOTs 551 rocket  motor as manufactured  by  the  Naval  Ordnance  Test 
Station was test  fired  by  NASA-LRC  in  support  of  the  Navy  Bureau  of  Weapons. 
The  test  spin  rate was 480 rpm. 

Motor  description.-  The  NOTs 551 rocket  motor  is 13 inches in diameter, 
120 inches  in  length,  and  contains 700 pounds  of E-107M polyurethane  propellant, 
figure 42. The  propellant  composition  contains 17.7 percent  of  Alcoa 123 alu- 
minum  with an average  particle  size of 20 microns,  and 57 percent  ammonium  per- 
chlorate  with an average  particle  size  of 200 microns.  Figure 42 shows  the 
motor  assembly  and  the  six-point-star  internal  configuration. 

Test  conditions.-  The  test  conditions  for  the NOTs 551 motor  were  sea- 
level  pressure, 800 F temperature,  and a spin  rate  of 480 rpm. 

Test  results.-  Figure 43 is  an expanded  plot  of  the  pressure  histories of 
a static  nonspin  test  and  the 480 r p m  spin  test  for  the NGTS 551 rocket  motor. 
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A t  4.98 seconds the  graphite  nozzle  insert  was ejected from the  motor. Chamber 
pressure a t   t h i s  time was about 1400 psi.  Figure 44 compares the pressure 
h is tor ies  of the  spin  and full duration  nonspin  tests.  Following  the loss  of 
the  inser t ,   the  motor burned a t  a pressure  level of about 180 ps ig   un t i l  18 sec- 
onds. A t  t h i s  time the  case  experienced a burn-through  and i r regular  combustion 
was experienced until 34 seconds. 

Figures 45 and 46 show the  respective  pre-fire and post-fire  conditions 
of the NOTs 551 motor.  Residue removed  from the chamber weighed 33.5 pounds. 
The deposit  within  the chamber was about 1/2 inch   th ick   a t  the nozzle end  and 
tapered down t o  approximately 1/16 inch   th ick   a t   the  head  end. 

CONCLUSIONS 

The performance character is t ics  of some solid-propellant  rocket motors 
have been shown i n  both  free-flight and ground t e s t i n g   t o  be appreciably 
affected by the dynamic environment  encountered  during their   thrusting  period. 
Within the  range of ful l -scale   uni ts   tes ted by NASA Langley  Research  Center the 
pr incipal   effects   noted  are  (1) bal l is t ic ,   associated  with  a l terat ions  to   the 
fundamental propellant combustion  and flow  processes,  and ( 2 )  thermal,  resulting 
from deposition of hot combustion residue  within  the motor chamber. Testing has 
shown that e i the r  of these  effects  may degrade a rocket motor previously fully 
qual i f ied   in  a nonspin  environment t o  a level   total ly   unacceptable   for   use  in  a 
dynamic spin environment. Results  indicate a high  degree of ba l l i s t i c   s ens i -  
t i v i t y  with severe  thermal  degradation i n  some types of motors tested  ranging 
down to   e s sen t i a l ly  no effect   in   other   uni ts   tes ted.  

The drawing of f i r m  engineering  conclusions  as t o   t h e  cause of "spin  sen- 
s i t i v i ty"  and the  possible mechanisms associated  with  these phenomena i s  not 
possible a t  t h i s  time from the wide range of tes t   resul ts   obtained with no 
systematic  investigation of the  parameters  involved. It has been shown tha t  
certain  highly  aluminized  propellants, when employed in  certain  grain  configu- 
rations and  exposed t o  given dynamic environments  produce solid  rocket motor 
performance character is t ics  which deviate  widely from the performance of tha t  
motor obtained i n  a static  condition. These dev ia t ions   i n   ba l l i s t i c  and thermal 
performance clear ly  shown by the  tes t   resul ts   reported  herein impose new design 
considerations  for  solid  rockets which must funct ion  sat isfactor i ly   in   these 
dynamic environments. The value of ground spin  tes t ing  as   ear ly   as   possible   in  
the development of new rocket systems  designed for  spin  operation  has been 
clear ly  demonstrated. 
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TABIX 1. - SUMMAEiy OF TESTS  CONaTCTED  ON  LRC  ROCKET  SPIN-TEST APPARATJS 

Tyye motor Manufacturer Number 
tested 

Spin  rate, Approximate 
altitude, propellant 
Exhaust 

r p m  weight,  lb ft 

E59 

Sea  level 450 250 1 Naval  Prop.  Plant x248 

Sea  level 500 100, 200, 250 7 Hercules-ABL x258 

Sea  level 2500 200, 300 2 Hercules-ABL 

and 110 K 

CYGNUS-15 ( spherical) NASA-LRC 
1 7  I Sea  level 

and I20 K 

CYGNUS-15  (spherical) Aerojet  General 

Sea  level 135 200 Naval  Prop.  Plant CETUS -17 ( spherical ) 

Sea  level 100 900 
~~~ ~~ 

~ 

and 110 K 

XM-85 I 
Atlantic  Research 200 

I 
110 K 130 

Aerojet  General 
i 

~~~~~~~~~~ 

1 2  I 300, 480 I 900 7 
i 

T"3 United  Technology ; 4 ' 0,  200, 400 i 600 Sea  level 
I 
1 Lockheed  Propulsion 410 I Sea  level 

I- 
, NOTs 551 I 

I Naval  Ordnance  Testing  Station 1 1 480 



TABLE: 2. - AMOUNT AND LOCATION OF ALUMINUM msrm 
FROM UTC TM-3 TWO-SEGMENT MOTORS 

Test,: r p m  Weight i n  f'wd end, 
lb 

~~ ~ 

0 

200 

400 

4 

10 

16 

1' Weight i n   a f t  end, Total  residue  weight, 

15.0 

15.0 I 31.0 
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Figure 1.- ABL X248 longitudinal  spin-fire data sea-level  thrust versus time. 
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Figure 3 . -  Spin-test  apparatus - overall view. 
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Figure 4. - Detail of a f t  ball-bearing  spin-test  apparatus. 
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Figure 6.- Performance  curves  for X239. 
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Figure 7. - ABL x258 rocket motor. 
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Figure 8.- A f t  portion remains of x238. 
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Figure 9. - Post-fire  condition x238 - Spin-test  apparatus. 
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Figure 10. - Charred  region on x258. 
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Figure 11.- Pressure  time  history of x258 rocket motor in   spin and nonspin environment. 
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Figure 12. - Pressure  time  history of modified x258 rocket motor ~ ~ 6 3  a t  100-rpm spin environment. 
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Figure 13. - ABL X248 rocket motor. 
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Figure 14. - X248 f i r ing   (pos t   f i r e )  - spin-test  apparatus. 



- B J - SECT A-A 

CASE : .018 TO -020 4340 AND  6A14V 
INSULATION: ,030 V - 4 4  ; NOZZLE; PARTIALLY  SUBMERGED 

PROPELLANT: BF-117b POLYSULFIDE (.5% Fe203, .9 Y0AL) ; 
ATJ GRAPHITE 

ANP-2986 POLURETHANE (l?’.l6% AI) 

NASA 

Figure 15.- CYGNUS-15 LRC and AGC produced. 
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Figure 16. - Cygnus-15 L R C  produced-static  spin t e s t s .  
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Figure 17. - CYGNUS-15 LRC produced spin results. 
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Figure 18. - Aerojet produced CYGNUS-13 spherical  rocket motor spin t e s t .  
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Figure 19.- Aerojet produced CYGNUS-15 spherical  rocket motor f l igh t  weight cases spin test. 
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Figure 20.- Pre-fire  condition of AGC CYGNUS-15 - spin-test  apparatus. 
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Figure 21.- Post-fire condi t ion of AGC CYGNUS-15 - spin-test  apparatus. 



B 

PRESSURE  PSlG 
700 

600 

500 

400 

30C 

20c 

I oc 

0 

I. KSTATIC WT CASE 
............ ”- FLT. WT CASE 

“- 790 RPM 
861 RPM 
902 RPM 

”” 

............. 

\ \ 

I I I I I ‘?* 
I 2 3 4 5 6 7 8 9 IO 

I I 

TIME, SEC 

NASA 

Figure 22.- Aerojet  produced CYGNUS-15 spherical  rocket motor spin test. 
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Figure 23.- CETUS-17 (NOTS 100) spherical rocket motor design. 
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Figure 24. - Early NOTs lOOB sp in   t es t s .  
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Figure 25.- CETUS-17 post-fire  spin t e s t  - in te r ior  view. 
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Figure 26.- CETUS-17 post-fire spin t e s t  - aluminum residue. 



. . . . . . . . 

NASA 

Figure 27.- CETUS-17 post-fire spin t e s t  - aluminum residue. 
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Figure 28.- CETUS-17 post-fire  spin tes t  - nozzle view. 
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Figure 29.- NPP produced NOTs lOOB spin t es t ,  UI = 200 r p m .  
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Figure 30. - A E O R  IA configuration ( 2 3  KS 11,000). 
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Figure 31. -  A U O R  lA ( 2 3  KS 11,000). Predicted pressure - 0 rpm; measured pressure - 300 rpm. 
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Figure 3 3 .  - ALCOR lA f i r i n g   ( p r e - f i r e )  - spin-test  apparatus. 
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Figure 34.- ALCOR U post-fire  condition - 480 rpm. 
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Figure 35.- UTC T"3 rocket motor - series I. 
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Figure 36.- UTC TM-3 Spin t e s t .  
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Figure 37. - UTC T"3 rocket motor - ser ies  11. 
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Figure 38.- UTC T"3 spin-test 4. 
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Figure 39. - HYDAC rocket motor. 
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Figure 40. - Lockheed HYDAC spin test .  
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Figure 41.- Post-fire  condition of HYIlAC - 9 0  rpm - spin-test  apparatus. 
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Figure 42. - NOTs - 53I-A rocket motor. 
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Figure 43. - NOTs 551 spin tes t   a t  480 r p m .  
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Figure 44.- NOTs 551 sp in   t es t   a t  480 rpm. 



NASA 

Figure 45.- Pre-fire  condition of NOTS 551 - spin-test  apparatus. 




